Science standards of different countries introduced disciplinary core ideas and crosscutting concepts-such as energy-to help students develop a more interconnected science understanding. As previous research has mostly addressed energy learning in specific disciplinary contexts, this study targets students' cross-disciplinary understanding of energy. Since no respective test instrument was available, we present the development and validation of an instrument that can be used to compare students' progressing energy understanding across contexts from biology, chemistry, and physics. In a cross-sectional study, we administered the new instrument to N = 752 students at the end of grades 6, 8, and 10. In addition to a detailed discussion of the instrument's reliability and validity, the study findings compare progressing energy understanding in the three disciplinary contexts. With regard to energy as a crosscutting concept, the results are then used to discuss how students' energy understanding may be connected across disciplinary boundaries.
INTRODUCTION
Large-scale assessments have identified limited connections between content elements in both students' knowledge and curricula (Bransford, Brown, & Cocking, 2000; Michaelis, Shouse, & Schweingruber, 2008) . Experts, on the contrary, possess a well-connected knowledge base that is built around the core ideas of their domain (Bransford et al., 2000) . These findings underline the need to particularly support low-achieving students who struggle to connect the wide-range of contents that they learn in science (Linn, Eylon, & Davis, 2004; Michaelis et al., 2008) . Accordingly, multiple countries have revised their science standards to include disciplinary core ideas and interdisciplinary crosscutting concepts as a means to organise and connect science contents (e.g. Next Generation Science Standards [NGSS], 2013) . The overarching goal is to foster cumulative learning and thereby enable students to develop a more connected science understanding. Energy is the only concept that is considered both a core idea in biology, chemistry, and physics, as well as a concept cutting across these disciplines.
With regard to energy as a core idea, learning progressions (Alonzo & Gotwals, 2012) have been proposed as a basis for designing teaching materials and assessment tools in order to help students develop a deeper understanding of core ideas and crosscutting concepts (Fortus, Sutherland, Reiser, & Krajcik, 2015) . Descriptions of how students progress in understanding the energy concept have mostly focussed on individual disciplines (Neumann et al., 2013; Jin & Anderson, 2013; Lacy, Tobin, Wiser, & Crissman, 2014) . To our knowledge, there is yet no clear theory about how students would learn to connect a central concept like energy across disciplinary boundaries. Likewise, little insight is available into the systematic assessment and comparison of middle school students' progressing energy understanding across different disciplinary contexts (cf. Park & Liu, 2016) . Due to the discipline-specific scope of most prior studies, a test instrument for a respective study was not yet available when our study was conducted (Neumann et al., 2013; Jin & Anderson, 2012; Liu and McKeough, 2005) .
To address this gap in the current research base, our article first presents the development of a 43-item test instrument on energy understanding across biology, chemistry, and physics contexts. Secondly, findings are presented from administering this instrument to
State of the literature
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a cross-sectional study with N = 752 students from grades 6, 8, and 10, thereby providing first insights to students' progressing energy understanding across disciplinary contexts.
THEORETICAL BACKGROUND

Energy as a Core Idea and a Crosscutting Concept in Science Education
The energy concept is a fundamental idea in science (e.g. Bevilacqua, 2014; Bodzin, 2012; Chen et al., 2014; Duit, 1984) and has accordingly been identified as a central concept for science education.
From a content perspective, learning about energy can facilitate the analysis of science contexts. Experts were found to be able to quickly recognise and address the key ideas relevant for solving a given problem (Bransford et al., 2000) . As one such key idea, the energy concept is helpful for addressing problems in various science contexts. Students can use the energy concept as a tool with which they analyse energy changes within the boundaries of a system. For example, analysing the conversion between different energy forms can enable students to make predictions about the extent to which processes can occur in a defined system (Lerner & Trigg, 2005) .
As a core idea, the energy concept can support learning by organising knowledge. Students learn about energy in a wide variety of contexts which require them to transfer energy-related knowledge along a spatial, temporal, and domain-specific continuum (Pugh & Bergin, 2006) . Effective cognitive structures for knowledge transfer have been described as interconnected. Experts' knowledge structures are organised around core ideas, which were found to support knowledge transfer (Bransford et al., 2000; Pugh & Bergin, 2006) . If science instruction provides adequate opportunities for knowledge transfer, for example, via instruction along core ideas, students are considered to organise newly learnt contents more cumulatively and thereby build an integrated science understanding. By 'integration of understanding', we refer to the construct of knowledge integration, i.e. the extent to which knowledge about encountered phenomena, situations, and abstractions is added, differentiated, and evaluated in relation to prior conceptions (Linn et al., 2004, p. 30) . As students have been shown to rather spontaneously add knowledge instead of differentiating it, fostering students' levels of knowledge integration is a goal of ongoing research (Linn et al., 2004) . As such, an integrated science understanding is considered beneficial for the critical analysis, evaluation, and decision making in future challenges (Sakschewski, Eggert, Schneider, & Bögeholz, 2014) .
To support knowledge integration in science education, core ideas and crosscutting concepts have been introduced into the science standards and curricula of several countries (e.g. NGSS, 2013) . At the level of individual disciplinary contexts, core ideas aim to organise and revise contents, while crosscutting concepts are intended to enable students to organise contents more coherently across disciplinary boundaries (NGSS, 2013) . Energy incorporates a unique position, as it is both a core idea in different science disciplines, as well as a crosscutting concept spanning across them. In order to be able to use energy as a crosscutting concept, aspects of understanding energy in different disciplines have to be integrated by students across disciplinary boundaries.
In conclusion, core ideas such as energy can function as a pivot to underline links between contents and highlight similarities in the complexity of science contents. Thereby, core ideas are thought to facilitate knowledge integration of students' science understanding. However, the extent to which this goal is achieved depends on the coherence (Fortus & Krajcik, 2012) with which concepts like energy are taught across different (disciplinary) contexts (Fortus et al., 2015) .
Research on Students' Energy Understanding
Four aspects have been identified to play a major role in understanding the energy concept: (1) Energy forms and sources, (2) energy transfer and transformation, (3) energy degradation and dissipation, and (4) energy conservation (e.g., Neumann et al., 2013; Duit, 1984; Lancor, 2015) . While these four aspects are part of instruction in all disciplinary fields, the focus on them can vary substantially across different disciplinary backgrounds (Eisenkraft et al., 2014) . A biology approach typically analyses energy transfer and transformation in open systems, for example, animals. The extent to which an organism transforms limited available energy into desirable energy forms (e.g. kinetic energy) instead of degrading it into thermal energy is an important factor in natural selection. Therefore, the efficiency of energy transformations and the emission of heat are often focussed on in biological approaches (e.g. in energy flow diagrams). In contrast, a physics perspective may address the question to what extent work can be conducted through an energy transformation. Here, the focus lies on work, while emitted heat is frequently seen as a by-product or even disregarded when the analysis focuses on idealised, closed systems (Stacy, Chang, Coonrod, & Claesgens, 2014) . The four energy aspects have been used to analyse energy understanding (e.g. Herrmann-Abell & DeBoer, 2011; Liu & McKeough, 2005) and to structure energy teaching (e.g. Nordine et al., 2010) . Further characteristics of energy understanding, for example, the relevance of systems boundaries, have been discussed by Doménech et al. (2007) .
Generally, students' energy understanding has been found to be limited (e.g. Chen et al., 2014; Watts, 1983) . A wider body of studies focused on (persistent) alternative conceptions and categorised these into frameworks (Boyes & Stanisstreet, 1990; Burger, 2001; Nordine et al., 2010; Trumper, 1993; Watts, 1983) . Learning difficulties with respect to the energy concept are imposed, for example, by the concept's abstract nature, its wide and varied applications, connotations in everyday language (e.g. Liu & Ruiz, 2008; Trumper, 1993) , as well as confusions with related concepts such as force, work, power (Kurnaz & Sağlam-Arslan, 2011) or matter (Lin & Hu, 2003) .
The following paragraphs provide an overview of research on students' energy understanding. These studies span from early, less discipline-specific energy learning via discipline-specific aspects of energy understanding, towards differentiation and integration processes in students' progressing energy understanding.
Early energy learning. Few studies have addressed the energy understanding of young learners (e.g. Lacy et al., 2014) . In an energy learning sequence initially suggested by Driver, Squired, Rushworth, and Wood-Robinson (1994) , students are expected to enter formal education with alternative conceptions from everyday experiences, such as a feeling of being 'energetic'. Next, the students progress by relating energy first to living and then to non-living entities before apprehending stored energy and, finally, energy degradation and conservation. Research suggests that early energy learning is possible (Shultz & Coddington, 1981) , and can be sustainably effective until high school (Novak, 2005) . If alternative conceptions are explicitly addressed (Trumper, 1993) , alternative ideas such as the application of energy forms or energy as a quasi-material substance, can be helpful scaffolds for later understanding (Jin & Anderson, 2012; Lancor, 2015) .
Energy learning in different disciplinary contexts. Since studies on energy understanding in physics have been summarized in several publications (e.g. Kurnaz & Sağlam-Arslan, 2011; Millar, 2005; Nordine et al., 2010; Tatar & Oktay, 2007) , this section focuses on biology and chemistry contexts. In these two disciplines, students' alternative conceptions have been found to exhibit similar learning constraints as in physics, for example, the difficulty in identifying reference systems. Further discipline-specific ideas (e.g. concerning endo-/exothermic reactions) have been described by Tastan et al. (2008) . Chemical engineering students' energy understanding in bond breaking/bond forming has been shown to rely strongly on textbook definitions. Similar to physics, students only incompletely applied normative conceptions of energy conservation and degradation and only rarely reasoned at concrete and abstract levels simultaneously (Liu, Ebenezer, & Frazer, 2002) .
Energy understanding in chemical reactions forms the basis for detailed analyses of energy changes in biology (Quinn, 2014) . However, the connection in energy understanding between the two contexts is not clearly understood (Hirça et al., 2008) . Energy understanding in biology is frequently linked to concrete manifestations (e.g. energy sources) instead of abstract notions such as work or conservation (Forde, 2003) . Learning opportunities are often more contextualised than in physics, thereby promoting confusion between the scientific energy concept and energy connotations in everyday language (Jin & Anderson, 2012; Lin & Hu, 2003) . Categories of students' energy understanding in life processes have been abstracted from a larger questionnaire study (Burger, 2001) . Specific alternative student ideas on energy sources for living beings have been identified, for example, in the ideas that plants get energy from soil, air or water (Boyes & Stanisstreet, 1990) . While the analysis of energy flow through ecosystems is a highly relevant aspect of understanding energy in biological contexts (Eisenkraft et al., 2014) , students frequently confuse system boundaries or cycle versus flow conceptualisations (Doménech et al., 2007; Jin & Anderson, 2012; Lin & Hu, 2003) . The application of energy flow charts builds on an understanding of energy conservation. In contrast, the threshold-concept character of energy in biology is mostly limited to transfer and transformation (Ross et al., 2010) . A focus on the latter energy aspect also becomes apparent in learning materials and curricula, while energy degradation/dissipation and energy conservation are less understood by students and only sparsely represented in biology instruction (e.g. Forde, 2003; Opitz et al., 2015) . Chabalengula et al. (2011) found that even university students exhibit difficulties in transferring energy contents from physics to biological contexts, thereby raising the question how energy understanding is related between disciplinary contexts (Lancor, 2015) .
Promoting integrated energy understanding.
Learning progressions are models that describe how core ideas are understood in successively more complex ways (Krajcik, Sutherland, Drago, & Merritt, 2012; Michaelis et al., 2008) . If curricula are organised along learning progressions, students are thought to connect knowledge more meaningfully around the respective core idea and thereby achieve a more integrated science understanding (Alonzo & Gotwals, 2012; Linn et al., 2004) . Learning progressions are derived and validated though empirical research findings. Principles for assessing these data have been described by Krajcik et al. (2012) and, more specifically, with regard to an energy learning progression by Neumann et al. (2013) .
In the past years, several studies have presented energy learning progressions or provided data to inform their development. Predictors for energy test scores have been found-in this order of impact-in the cognitive levels of tasks, the context (everyday vs. scientific), students' age, and in the specific content (Liu & Ruiz, 2008) . These results underline the impact that assessment designs can have on the interpretation of study findings and the development of learning progressions (Alonzo & Gotwals, 2012) . Most approaches to an energy learning progression have so far focussed on physics contexts. In these studies, students were found to reach an understanding of energy forms at elementary level, while understanding of energy transfer was marginally achieved in lower secondary school. Energy degradation and conservation were not even fully understood in high school (Liu & McKeough, 2005) . Similar results have reported, for example, by Neumann et al. (2013) or Herrmann-Abell and DeBoer (2011) . Dawson-Tunik (2008) found that students' progressing energy understanding is characterised by both consolidation and transitory stages during which students achieve higher levels of abstraction. Other learning progressions have been proposed for specific contexts, for example, in relation to energy understanding in carbontransforming processes (Jin & Anderson, 2012) . These approaches can provide valuable insights for an interdisciplinary energy learning progression.
Progressing energy understanding should also be characterised by the ability to apply the energy concept across an increasing number of different contexts and disciplines (Jin & Anderson, 2012; Novak, 2005) . Accordingly, recent studies have focused on integration processes (Linn et al, 2004 ) that occur as students learn about energy. Nordine et al. (2010) designed a teaching sequence that successfully fostered a more integrated energy understanding. While levels of energy knowledge integration have been shown to increase across middle school, they are generally low, especially among life science students (Lee & Liu, 2009) . At an interdisciplinary level, purpose-built curricula with high levels of coherence between individual units have been able to promote integrated energy understanding across disciplines and school years (Fortus et al., 2015) .
These findings indicate that the aforementioned learning goal of a teaching towards a crosscutting energy concept is practically feasible. In a qualitative analysis, Lancor (2015) found that most university students employed a substance-based analogy for energy. Furthermore, students in discipline-specific courses referenced the energy aspects more prominently than students in a general science course. Hence, knowledge integration in students' energy understanding likely varies with the structure of the educational system. With respect to energy understanding in different disciplines, Park and Liu (2016) showed that college students' discipline-specific subsets of energy understanding are highly related, especially between physics and chemistry (biology-chemistry: r = .79; biology-physics: r = .77; chemistry-physics: r = .91). These findings indicate that energy understanding across disciplines is either built on one energy conceptualisation that is consistently applied to varying contexts, or, that students' energy understanding is generally vague, possibly based on alternative conceptions from everyday language, and therefore highly related between disciplines.
Research Objectives and Questions
A summary of previous research on students' energy understanding shows that (i) the majority of studies have focused on physics contexts (e.g. Liu & McKeough, 2005) , whereas energy learning in other disciplinary contexts has received little attention (cf. Jin & Anderson, 2012) . (ii) In addition, it has been concluded that learners are likely challenged by connecting energy knowledge across topics from different disciplines, thus potentially making it difficult for learners to use energy in the sense of a crosscutting concept (Eisenkraft et al., 2014) . However, few empirical insights describe how students' progressing energy understanding in different disciplinary contexts is interconnected (Hirça et al., 2008; Lancor, 2015; Park and Liu, 2016) . Specifically, research has widely overlooked cross-disciplinary energy learning in middle school and high school. A more robust empirical basis in this field is important for the development of energy learning progressions and the strengthening of coherence in energy instruction across topics and school science subjects (Fortus et al., 2015) . (iii) When this study was conducted, no test instrument for the systematic comparison of middle/high school students' progressing energy understanding across different disciplinary contexts was available (for a recent and valuable addition to this field, see Park and Liu, 2016) . Earlier instruments focus on single disciplinary contexts (e.g. Neumann et al., 2013; Jin & Anderson, 2012) or employ items from varied disciplinary backgrounds (e.g. Lee & Liu, 2010; Liu & McKeough, 2005) , thus hampering a systematic comparison of students' energy understanding across disciplines.
To address these issues through our study, we pursued two objectives: Firstly, we aimed to develop and validate an instrument to assess progressing energy understanding across middle and high school biology, chemistry, and physics contexts (objective 1). Secondly, this instrument was deployed in a cross-sectional study to obtain insights into crossdisciplinary energy understanding (objective 2). This study was guided by two research questions (RQs):
• (RQ 1) What progression trends of energy understanding can be identified in biology, chemistry, and physics contexts? • (RQ 2) How is students' energy understanding related across these contexts?
METHODS
Procedure
With respect to the first objective, an instrument for energy understanding in biology, chemistry, and physics contexts was developed around a shared framework for energy understanding (Neumann et al., 2013) . This approach was taken to ensure a parallel test design with similar items in the three disciplinary contexts, hence allowing comparisons across these. For the second objective, a cross-sectional study was employed in which students' energy understanding was assessed via the new instrument at the end of grades 6, 8, and 10. The study also assessed students` crystallised intelligence ('CI'-LPS subtests 1 and 2, Horn, 1983) as a control variable. The assessment of crystallised intelligence served two purposes: The variable (i) provided an additional measure to assess the comparability between students at different grade levels, and (ii) it was used-in extension to previously analysed covariates (Opitz et al., 2015) -as an important external variable with which to address discriminant validity. To facilitate readability, the rationale for specifically including this variable is provided in the validity discussion.
Instrument Development (Objective 1)
Item construction. For this study, physics and biology items were employed from previous studies (Neumann et al., 2013; Opitz et al., 2015) . These items, as well as newly developed chemistry items, were constructed around the same framework and used similar guidelines for item development. The underlying two-dimensional framework of energy understanding was operationalised for the development of all items. In this framework, the first dimension concerns the aforementioned four energy aspects, while the second dimension consists of four levels of increasing cognitive complexity (facts, mappings, relations, and concepts). The dimension of energy aspects was used to generate the respective contents for the items, while the dimension of cognitive complexity was used as a means to vary item difficulties (for details on the theoretical justification of the framework see Neumann et al., 2013) . The operationalisation of items showed that the number of factors that needed consideration varied substantially across contexts and disciplines. To take this variance into account, three types of multiple choice items were employed (1-attractor, 2-attractor, and complex MCitems). The differences in item type had only a small effect on student performance (see Appendix 2 for details).
All items were controlled for adequate and comprehensive language, i.e., by using feedback from teachers for chemistry items and qualitative student feedback for the physics and biology items (American Association for the Advancement of Science, 2007).
Item selection. The instrument was designed for students from lower middle to high school. In this regard, a total of 128 items (biology: 48; physics: 48; chemistry: 32) were field tested with N = 336 grade 6, 8, 10, and 12 students. In field testing, each item was answered by an average of 78 students. A total of 48 items were selected for the instrument (16 items per disciplinary context, four items per energy aspect in each discipline). As the instrument was designed as a developmental test, grade 10 and 12 students served as a reference group with respect to the instruments' distribution of item difficulties. Item selection was conducted iteratively along the following sequence of criteria and included new parameter computation after each step: (1) Exclusion of items with negative correlation between solution probability and grade level (r < -.1) 1 , (2) exclusion of items with a discrimination < .15, (3) selection of discipline-specific item sets with regard to best fitting normal distribution of item difficulties in grade 10/12, (4) selection of items with the largest possible item discrimination, and (5) selection of items in accordance to the distribution of levels of cognitive complexity. All items, item parameters and attractor/distractor selection frequencies for each grade level are provided in Appendix 1.
Item discipline-specificity. In addition to the items' construction by researchers from the respective disciplines, an expert rating was conducted to ensure the items' disciplinespecificity. N = 12 high school teachers and scientists from biology, chemistry and physics rated-without further instruction-all 48 items with respect to the items' disciplinary background. The findings from the rating relate to the first research objective and will be presented in the results section.
Data Collection and Sample for the Study (Objective 2)
Importantly, all students in grades 6, 8 and 10 received the same items from all three disciplinary contexts. We chose to give all items to all students to ensure that we could get a reliable measure about how scores on the three disciplinary subtests were interrelated. Hence, we explicitly chose not to use a test booklet design to avoid using only few linking items as a basis to assess this relationship.
Data sampling was conducted during school lessons in the last four weeks of the school year. All students were able to finish the test within the 90-minute testing sessions. 47 classes from 10 metropolitan secondary schools in northern Germany (Hamburg) participated in this study, including all socio-economic strata (Hamburg Social Index, range 1-6, m = 4.00) and both prevalent school-types-'Gymnasium' (high-performance students) and 'Stadtteilschule' (mixed-performance students). Participating students received science classes with content from mixed disciplinary backgrounds until grade 6 and separate biology, chemistry, and physics classes from grade 7 onwards. The relevant curricula and science standards for Hamburg (e.g. KMK 2005a , 2005b , 2005c include energy as a core idea and a concept to bridge the science subjects. The curricula list numerous energy learning opportunities from grade 2 to 12/13 (see Appendix 3). The sample analysed below consisted of N = 752 students from grade 6 (mage = 12.3; n = 255), 8 (mage = 14.3; n = 268), and 10 (mage = 16.4; n = 229). Table 1 shows characteristics of the subgroups (grade levels). The data indicate comparability between the groups, with significant differences only between the percentage of students from high-performance schools and the socio-economic index, the latter indicating only negligible differences. To account for these small differences, the results below were weighted with regard to the school types.
Statistical Procedures
For the first objective, the discipline-specificity of the items was assessed through the expert rating described above. Fleiss Kappa (k) was used as an index to describe the agreement between the raters. The discussion of validity also concerned the question how much variance the assessment could explain and to what extent the findings were generalizable from the sample to the population level. These issues were addressed by using r² and shrinkage indices derived from (forced entry) multiple regression models (Field, 2009, p. 221) . As this was an auxiliary analysis, its findings are presented in Appendix 4).
For the second objective, mean energy scores for the test and the respective subtests were employed as the measure for comparison. Outliers were assessed via standard SPSS box plots and then excluded from the data presented below. Data weighting with regard to the schooltype was conducted according to recommendations by Maletta (2007) . Neither the exclusion of outliers nor the data weighting had substantial effects on the results. Comparisons of energy scores across grades were conducted via ANOVA, using conservative Games-Howell post-hoc tests (Field, 2009, p. 374) . Effect sizes were calculated via ω² (Field, 2009, p. 391; Kirk, 1996) .
In addition to these classical statistics procedures, the objectives of this study have also been addressed by Rasch analysis (Wu, Adams, and Wilson, 2007) . The advantage of this method is, for example, that the adequacy of item difficulties can be easily assessed with regard to the ability spectrum of a given sample. However, some of the in-detail analyses for this article were not computable through Rasch estimation. The results from Rasch analysis, however, produced results similar to those from the classical statistics procedures mentioned above. Thus, in order to avoid confusion between the different statistical procedures, this paper presents findings solely from classical statistic. Interested readers can access the methods and results from Rasch analysis in Appendix 4. These results incorporate a Wright map of student abilities/item difficulties, WLE person separation reliabilities, and an analysis of differential item functioning (DIF) regarding gender.
RESULTS
Instrument Development (Objective 1)
Item discipline-specificity. The 12 raters agreed on a 'near-perfect' basis (k = .81, Kirk, 1996) on the discipline-specificity of the items. Similar values were obtained for the items of each disciplinary item set (k = .78-.85). The rating was used to sort items into four categories: (1) high discipline-specificity (> 80 % agreement, 34/48 items), (2) substantial specificity (66-80% agreement, 6/48 items), (3) lesser specificity (50-66% agreement, 3/48 items), and, (4) specificity for another than the intended discipline (> 50% agreement on another discipline, 5/48 items). While the three items from category (3) were kept to represent more interdisciplinary contexts, the five items from group (4) were excluded from further data analyses. Therefore, the final instrument consisted of 43 items (biology: 15, chemistry: 13, physics: 15).
Reliability. Reliabilities across grades were high for the complete test (α = .85) and satisfactory for the three subtests (α = .61-.71). Similar values were obtained from the Rasch analysis (compare Appendix 4): Across grades 6-10, WLE person separation reliability was high (.82) for the full test (grade 6: .57, grade 8: .76, grade 10: .83) and sufficient to satisfactory for the three disciplinary subtests (.58-.62).
Item difficulties and discrimination. Item parameters for each item and grade level are provided in Appendix 1. In the reference group grade 10, the distribution of item difficulties was widespread and could thereby address students of all abilities (range of item difficulties, p = .03-.96). Due to the study's original intent to also include grade 12 students, mean item difficulties slightly exceeded student abilities (grade 10: mdifficulty = .42, biology: .36, chemistry: .35, physics: .53). Item discrimination increased with grade level and showed good values across grades 6 to 10 (mbiology = .32, mchemistry = .29, mphysics = .34).
Control variable.
The connection between energy scores and age-standardised crystallised intelligence showed low correlations with energy understanding both across (r = .14, p < .01), and within grades (grade 6: r = .25; grade 8: r = .17; grade 10: r = .22, p < .01).
Energy Understanding across the Three Disciplines (Objective 2)
Progressing understanding across grades 6-10 (RQ 1). With respect to the first research question, Figure 1 shows progression trends in energy understanding in biology, chemistry, and physics contexts for grades 6 to 10. Student scores increased significantly and to a similar extent in all contexts (biology: F = 121.37, df = 2, p < .001; chemistry: F = 132.83, df = 2, p < .001; physics: F = 156.89, df = 2, p < .001). These progressions relate to 'large' (Kirk, 1996) effects in biology (ω² = .24), chemistry (ω² = .26) and physics (ω² = .29). Progressing energy understanding in biology, chemistry, and physics contexts from grades 6 to 10. All differences between grade levels are significant, p < .001
Discipline-specific foci in energy understanding (RQ1). In the three disciplinary contexts, students showed similar patterns in their progressing understanding along the four energy aspects, especially in biology and physics (Figure 2) . Here, only 3-4 items were available per energy aspect in each of the three subtests. Consequently, the results address broad comparisons of mean item difficulties, but not the comparison of individual student performances.
Items on energy forms were the easiest in all disciplines and across the grade levels, while conservation items were generally more difficult. In biology and physics, mean item difficulties increased along the following order of energy aspects: forms, transfer, degradation, and/or conservation. While in biology, degradation and conservation items were similarly difficult, physics items on energy conservation were more difficult and only answered correctly by older students than the items on degradation. In chemistry, the progression pattern differed from biology and physics, as items for energy transfer were comparatively difficult, while the share of students that answered these items correctly did not increase significantly across grades. When related to the distribution of item difficulties across aspects in biology and physics, students scored comparatively higher on chemistry degradation items.
Relation of energy understanding between disciplines (RQ 2)
. Student scores on the three discipline-specific subtests were strongly correlated with each other (across grades 6 to 10: biology-chemistry, r = .63, p < .001; biology-physics: r = .62, p < .001; chemistry-physics, r = .60, p < .001). Only slightly higher correlations were obtained in a random assignment of the instrument's 43 items to three subscales (r = .64-.69, p < .001).
Examples of progressing understanding. To illustrate the relation of energy understanding across disciplines, Figures 3(a) -(c) present selection frequencies of attractors and distractors in items that concern energy conservation in one exemplary biology, chemistry and physics context, each. All three items focus on identifying energy balances. In the biological item (Figure 3a) , the percentage of students who correctly identified energy uptake to be equal to energy storage and release increased by the factor two from grade 6 to 10 (grade 6: 26%, grade 10: 49%). Here, a relatively large percentage of students retained (53%  35%) the notion that energy uptake was larger than energy storage and release, thereby relating to the idea of energy 'loss'. The chemistry item on the energy balance of a campfire (Figure 3b) shows a similarly large increase in students' ability to identify the correct energy balance (32% in grade 6, 60% in grade 10). The physics item (Figure 3c) showed a comparable developmental pattern, even though generally fewer students (grade 6: 9%, grade 10: 31%) harboured the correct idea that the total energy of the skater and his/her environment are constant.
Tendencies of students to select similar answering options across disciplines can also be found in other items. For example, students adhered similarly to the alternative idea that energy is used up in a process. In a physics context, 45% of the 6 th to 10 th graders selected the distractor describing that a pendulum uses up its kinetic energy when swinging back and forth (item DF1, Task 32, see Appendix 1). Similarly invariant across grade levels, roughly 30% of 6 th to 10 th graders selected the answering choice that energy from gasoline is used up, if a combustion engine uses fuel to propel a car (chemistry item CDC1, Task 9). Similar examples of progressing energy understanding can be found for all 43 items in Appendix 1.
DISCUSSION
Instrument Development (Objective 1)
Reliability. Similar reliability values in terms of Cronbach's α and WLE person separation reliability (see Appendix 4) indices support the findings presented in this study. The observed reliability is satisfactory for the purpose of identifying broad learning trends across disciplines. The lower values in grade 6 indicate that the subtests for the three disciplinary contexts should not be employed as stand-alone tests for students below grade 8.
Validity. Evidence and arguments in relation to six aspects of validity are discussed according to suggestions and standards by the Joint Committee (2014).
Test content. Energy is clearly a core idea in curricula and science standards relevant for the sample tested in this study (KMK 2005a (KMK , 2005b (KMK , 2005c ; see Appendix 3). Unlike in the NGSS (2014), however, the respective expectations for energy learning were, in most cases, too broadly formulated for a systematic development of test items. Thus, the developed instrument does not assess specific standards with respect to energy learning. Instead, the fit between item contents and expectations expressed in science standards was approximated by ensuring that the four energy aspects (see framework, Neumann et al., 2013) were adequately representing the learning expectations. This criterion was assessed through analyses of school textbooks and curricula, as well as through a teacher survey (Opitz et al., 2015) . In other educational systems, the four energy aspects have likewise been described as central elements of energy education in different disciplinary contexts (e.g. Lancor, 2015; Liu & McKeough, 2005; Wang, Wang, & Wei, 2014) .
Cognitive processes. Think-aloud protocols (Ericsson & Simon, 1993) were conducted to assess if students (N = 9 from grades 6, 8, 10) used the intended cognitive processes for solving items of the new instrument. Detailed results are available in Wernecke (2013) . Students' think-aloud protocols were analysed by differentiating content-related strategies of item solving (i.e. arguments based on energy understanding) from non-content-related strategies (i.e. guessing, deciding according to item format). Across items, students obtained the clear majority of solutions by using content-related strategies, while non-content-related strategies comprised just a small share of the observed solutions (grade 6: 13%, grade 10: 3%). This analysis suggests that grade 6-10 students can solve the items of the new instrument validly with regard to the intended cognitive processes.
Internal structure. This aspect of validity was addressed through two approaches. First, two expert ratings were used to structure the development of the instrument in relation to (i) the three disciplinary contexts and (ii) the four aspects of energy understanding from the employed framework. The first rating regarding item discipline-specificity (see above) resulted in the exclusion of five items, thereby decreasing the correlations between the three subtests and ensuring their discipline-specificity (before exclusion: r ~ .85, Nitems = 48; after exclusion: r ~ .62, Nitems = 43). A second, previously conducted rating indicated substantial agreement on the items' specificity for the four energy aspects of the framework (k = .61, Opitz et al., 2015) .
The second approach used confirmatory factor analysis (CFA) to study potentially underlying dimensions of students' energy understanding across the three disciplinary contexts. As this analysis is extensive, it is presented in a separate research article (Opitz et al., 2016) . The respective findings suggest that students' energy understanding is one-dimensional across disciplinary contexts. The combination of these results with the ones from the expert rating on item discipline-specificity (see above) indicate that it may be possible to develop an instrument that assesses energy understanding in biology, chemistry, and physics contexts, but that students likely employ a single understanding of energy to answer the items from the different disciplinary contexts. 2 As additional evidence for the validity of the instrument's internal structure, Appendix 4 includes results from an analysis of differential item functioning (see Joint Committee, 2014, p. 16 ).
Relation to other variables. Different external variables (e.g. reading skills, fluid intelligence, motivation/interest) have been assessed in previous research (Opitz et al., 2015) , but only had minor effects on energy test performance. To extend these findings, crystallised intelligence (CI) was included as a potential covariate of progressing energy understanding (see methods section). CI is a measure of a person's ability to apply general knowledge (Horn, 1983) . In contrast to measures considered as more developmentally stable (e.g. working memory capacity/efficiency), levels of CI increase as students mature and learn more. This sub-aspect of intelligence has been found to be strongly connected to different measures of academic achievement (Marzano, 2003, p. 134) . As the energy test scores assessed by our instrument concern the understanding of a wide range of everyday contexts, we assumed test performance to depend on a general knowledge measure like CI. However, students' results on the CI-test were just weakly correlated with energy scores (r ~ .20) . This finding-coupled with the previous ones described above-indicates that the employed items assess a different construct than a general performance measure.
Relation with criteria. This aspect of validity is concerned with the accuracy of the test scores' prediction of a criterion-in this case 'energy understanding'. Firstly, to ensure that differences in energy understanding between groups (grade levels) were not affected by constructirrelevant sources of variance (Joint Committee, 2014, p. 18) , we assessed the comparability of students from different grades along several variables (see Table 1 ).
Secondly, the relation between the scores assessed by the new instrument and the intended criterion (energy understanding) can be approximated by correlations between the derived test scores and those from similar instruments (Joint Committee, 2014, p. 17) . As the items for physics contexts in the new instrument stemmed from the one presented in Neumann et al. (2013) , the strong correlation between the test scores on the physics subtest and the biology/chemistry subtests indicates that these two instruments assess a highly similar construct. In extension, Park (2013, p. 98) found that energy scores on her instrument were to a large extent predictable (r² = .86) through scores from the test presented by Neumann et al. (2013) . We therefore conclude that the instrument presented here is substantially related to the intended criterion.
Lastly, multiple regression was used (see Appendix 4) to determine how well findings from the sample employed in this study can be generalised to the population level (Field, 2009, p. 221; Joint Committee, 2014, p. 19 ). The regression model included grade level and crystallised intelligence as predictors of students' performance on the developed energy test. The model results showed negligible shrinkage of .1% (r² = .43), thus indicating good generalisability of the findings.
Consequences of testing.
The developed instrument is intended for research and not for assessments with diagnostic or student-placement impact. In this study, teachers and their classes participated voluntarily and they did not have to prepare for participation. All testing was conducted by the research team. All results were evaluated anonymously and individual student-, class-or school results were not released. Thus, besides potential effects on students' interest in the energy concept, we have seen no evidence that the application of the instrument had any negative consequences for participating students, teachers, or schools.
Limitations of the instrument. The instrument presented in this study was designed to assess discipline-specific sets of energy understanding and their relation to each other. Even though items with more interdisciplinary scope were retained in the instrument, specifically interdisciplinary dimensions of energy understanding are not sufficiently assessable through the presented items. A further limitation lies in the few items per energy aspect within each discipline. Consequently, the subtests should be extended for more fine-grained analyses with regard to these aspects, for example, when knowledge integration patterns within disciplines are of interest.
In accordance with the field testing reported in 'Instrument Development', additional data had originally been collected from a 12 th grade sample, as well. This subsample had to be excluded in the analysis due to an unresolvable school-type effect that would have biased the comparability between grade levels. The developed instrument was designed to assess energy understanding up to high school and can be applied accordingly in future studies.
Conclusion.
The developed instrument fitted students' abilities well. Reliabilities were satisfactory and relevant validity aspects were addressed. With regard to the scope of the newly developed instrument, we thus assume that our assessment tool is able to provide sufficiently reliable and valid measures of middle school students' energy understanding in biology, chemistry, and physics contexts.
Energy Understanding across the Three Disciplines (Objective 2)
Progression in energy understanding. For research question 1, the results indicate similarities in progression trends in biology, chemistry, and physics contexts (see Figures 1 and 2) , as well as in the selection of similar ideas across different disciplines (see Figure 3) . The reason for the comparatively high performance in physics may be attributed to the fact that these contexts are typical examples of students' first formal energy instruction. Additionally, physics contexts are comparatively less complex than the ones in biology or chemistry (e.g. pendulums, Duit, 1984) . While previous findings identified energy knowledge transfer between disciplines as a major learning hurdle (Chabalengula et al., 2011) , learning transfer from the less complex physics contexts may also provide a starting point from which to access more complex contexts in other disciplines. However, transfers in the opposite direction must also be considered for coherent energy instruction, as early, and often implicit learning opportunities in biological contexts can form a basis for later, more explicit energy instruction (Opitz et al., 2015) .
In biology and physics, the sequential, yet overlapping progression of energy understanding along energy forms, transfer, degradation, and conservation was similar to findings in other studies (e.g. Neumann et al., 2013; DeBoer & Herrmann-Abell, 2011; Liu & McKeough, 2005 ). An understanding of energy forms was well established in all disciplines and can therefore function as a scaffold to more advanced energy aspects (Jin & Anderson, 2012) . In contrast, energy conservation was little understood in all disciplinary contexts, suggesting that students at this stage are not yet able to use an integrated energy concept in the sense of a conceptual tool (Lacy et al., 2014) . In chemistry, students' understanding of energy transfer was low and didn't progress, while understanding of degradation was surprisingly well established. However, these strengths and weaknesses in students' energy understanding in chemistry can only partly be explained by energy contents proposed in the respective learning standards (KMK, 2005b; see Appendix 3). Relatedness in energy understanding across disciplines. With respect to research question 2, the findings showed clear similarities and relations between progressing energy understanding in different disciplinary contexts. These similarities are stronger than one might expect, as (i) discipline-specific foci regarding the energy aspects are generally accepted (Eisenkraft et al., 2014) , (ii) empirical results of learners' performances have been found to reflect these foci (Park and Liu, 2016) , and (iii) some energy aspects are rarely addressed in the instruction of individual disciplines, for example, conservation in biology (Opitz et al., 2015) .
A critical argument would be that the similarities in progressing energy understanding across disciplines and the strong correlations (r ~ .62) between the three subtest scores may be caused by dependencies in the instrument. However, the subtests were clearly identified as discipline-specific. Furthermore, correlations computed before the exclusion of items in the rating (r > .80) are comparable to those found by Park and Liu (2016) , who used a similar instrument without a rating on item discipline-specificity. Additionally, the correlations between the three scales of randomly assigned items were found to be only slightly higher (r ~ .67) than those between the three discipline-specific subtests. These results suggest that students' energy understanding is less discipline-dependent as indicated by the aforementioned arguments.
A possible reason for the similarities in energy understanding across disciplines lies in the conceptual dependence between energy aspects, which may strengthen an inherently similar progression pattern across disciplinary contexts, for example, the dependence on energy forms when describing energy transfer. The strong relation between disciplines may be furthermore promoted by general answering characteristics, for example, by students' widespread application of problematic ideas like 'energy loss' or their inconsistent distinction between abstract conceptualisations and concrete observations (Liu et al., 2002 ; compare also physics item 'Task 35' or biology item 'Task 22' in Appendix 1).
Limitations of the study. Further discipline-specific foci on energy understanding (e.g. energy flow in biology or macro/micro-level analyses in chemistry) were not addressed in detail by the new instrument. Similarly, students' distinction between energy in states and energy in processes was not a primary focus of this study (Papadouris & Constantinou, 2014) . While these important facets of understanding can be derived from specific answering options in some items (see Appendix 1), future studies should address these characteristics of energy understanding in more detail.
This study presented findings from students who were taught in separate science classes throughout middle school. While an educational system with separate science classes may not be common in all countries, this organization is widely employed, for example, throughout the European Union (European Commission, 2011, p. 60) . As the items of this instrument were not developed in regard to specific educational standards, the instrument can be applied in other educational systems, as well. For example, studies may analyse learning processes that take place as students progress from integrated science instruction in middle school to separated science classes in high school.
Implications and Perspective
To our knowledge, this study proposes one of the first approaches for the analysis of students' energy understanding across disciplinary contexts. The attached items and additional information offer interested science education researchers the opportunity to further elaborate discipline-specific as well as interdisciplinary aspects of students' progressing energy understanding.
Coherent curricula that are structured around core ideas and crosscutting concepts like energy can promote an integrated science understanding (Fortus et al., 2015) . Students depend on an integrated energy understanding if they are to use energy as a concept across topics and disciplinary contexts. With this in mind, the importance of a stronger focus on energy conservation and degradation can be derived as a goal for teaching in all science subjects. In contrast, students' widespread understanding of energy forms (Jin & Anderson, 2012) , as well as their comparatively high performance in physics contexts could be further developed as the stepping stones to more complex energy contexts in biology and chemistry.
It is not yet well understood in what ways students draw on different disciplinary contexts when learning about energy and what hurdles they encounter in transferring knowledge across these contexts (Chabalengula et al., 2011; Hirça et al., 2008) . The findings in this study suggest strong correlations in energy understanding across disciplines. However, in-detail analyses still have to determine how the relation between energy understanding in different disciplinary contexts changes as students progress in school and learn more about energy (Fortus et al., 2015; Opitz et al., 2016) . Future experimental studies have to identify effective educational settings that can enable students to use energy both as a disciplinary core idea and as a crosscutting concept (NGSS, 2013) .
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NOTES
1 Negative correlations between item solution probability and grade level were considered likely to represent contents specific to individual grade levels only. However, the interest of this study lay-with respect to cumulative learning-on contents addressed across grade levels.
